As high school female athletes demonstrate a rate of noncontact anterior cruciate ligament (ACL) injury 3-6 times higher than their male counterparts, research suggests that sagittal-plane hip strength plays a role in factors associated with ACL injuries. Objective: To determine if gender or age affect hip-abductor strength in a functional standing position in young female and male athletes. Design: Prospective cohort design. Setting: Biomechanical laboratory. Participants: Over a 3-y time period, 852 isokinetic hip-abduction evaluations were conducted on 351 (272 female, 79 male) adolescent soccer and basketball players. Intervention: Before testing, athletes were secured in a standing position, facing the dynamometer head, with a strap secured from the uninvolved side and extending around the waist just above the iliac crest. The dynamometer head was positioned in line with the body in the coronal plane by aligning the axis of rotation of the dynamometer with the center of hip rotation. Subjects performed 5 maximum-effort repetitions at a speed of 120°/s. The peak torque was recorded and normalized to body mass. All test trials were conducted by a single tester to limit potential interrater test error. Main Outcome Measure: Standing isokinetic hip-abduction torque. Results: Hip-abduction torque increased in both males and females with age (P < .001) on both the dominant and nondominant sides. A significant interaction of gender and age was observed (P < .001), which indicated that males experienced greater increases in peak torque relative to body weight than did females as they matured. Conclusions: Males exhibit a significant increase in normative hip-abduction strength, while females do not. Future study may determine if the absence of similar increased relative hip-abduction strength in adolescent females, as they age, may be related to their increased risk of ACL injury compared with males.
High school female athletes demonstrate a rate of noncontact anterior cruciate ligament (ACL) injury 3-6 times higher than their male counterparts. 1 Female athletes demonstrate increased measures of knee-valgus angles and torques when performing dynamic tasks associated with this increased risk of injury. [2] [3] [4] [5] These increased measures of dynamic lower extremity valgus increase the risk for ACL injury in adolescent female athletes. 6 The major hip abductors (gluteus maximus, gluteus medius, and tensor fasciae latae) assist in controlling the varus-valgus position of the knee joint [7] [8] [9] [10] and the associated dynamic valgus alignments and torques. A recent analysis of 117 athletes demonstrated that hip-abduction strength was a significant predictor of initial contact and peak knee-valgus angles during a box-drop vertical-jump task. 11 Cumulatively, these data indicate that deficits in relative hip-abduction strength may be partially correlated to increased frontal-plane movement of the knee and risk of knee injury in female athletes.
Hip strength is usually assessed with handheld isometric dynamometers or isokinetic dynamometers with the subject lying in non-weight-bearing positions (lying supine or on side). [12] [13] [14] [15] [16] Cahalan et al 17 examined isokinetic hip abduction in a standing position, but that study was not performed on the higher-risk athletic adolescent population. The assessment of hip strength with the previously mentioned techniques (side-lying or supine) may not be ideal for determining the relationship of hip strength to noncontact ACL injuries that occur during dynamic weight bearing. A limitation to isometricdynamometer measurements is that hip-abduction torque is evaluated at a single discrete angle within the range of motion. In addition, static isometric torque measurements may not be as closely related to injury as dynamic strength measures, typically performed isokinetically at faster, more functional speeds. 18 In addition, isokinetic testing in a lying position may not be the most relevant test, as it does not represent a functional position related to the demands of the athlete. Thus, assessment of dynamic hip strength in a position that more closely mimics a more functional position is warranted to better determine potential ACL injury risk factors that may be related to hip-abductor strength.
Recent investigations have indicated the importance of hip-abduction strength to dynamic valgus alignments that increase ACL injury risk. 6, 8, 9, 11 Associations of strength deficits to mechanism of ACL injury have typically focused on quadriceps and hamstrings strength, although the association of hip strength to ACL injury risk has not been extensively studied. 19 Studies specifically evaluating hip-abduction strength have not reported age differences for adolescents in either normal or patient populations. 16, [20] [21] [22] Several studies have demonstrated that as females mature they tend not to experience a concurrent growth in muscle strength and power to the same degree as males. 23, 24 This phenomenon has been observed in many different measures such as vertical jump and isokinetic knee-flexion/extension torque. 23, 24 The lack of a neuromuscular spurt with maturity may also be a risk factor for ACL injury. 25, 26 The purpose of this study was to perform a hipabductor strength assessment, in a functional position, on male and female athletes to determine if gender and age differences in hip-abductor strength were present in young athletes. The first hypothesis was that females would have decreased hip-abductor strength normalized to body mass compared with males. The second hypothesis was that as males increased in chronological age they would demonstrate a concomitant increase in relative hip-abduction strength while females would not show a similar increase in hip-abduction strength as they aged.
Methods

Participants
Over a 3-year time period, 852 evaluations were conducted on 351 (272 female, 79 male) adolescent soccer and basketball players. The age (mean ± SD) of the participants was 14.0 ± 2.2 years for the females and 13.65 ± 1.6 for the males. Height and mass means for the subjects were 161.4 ± 7.8 cm and 55.4 ± 11.0 kg, respectively, for the females, and 167.4 ± 13.3 cm and 57.2 ± 14.5 kg for the males. The dominant leg was determined for each subject by the leg the subject used to kick a ball as far as possible. 3 This study was approved by the Cincinnati Children's Hospital Medical Center institutional review board. Parents or guardians signed informed consent before the subjects' participation in the study. After the informed consent was obtained, height, clothed weight, and dominant leg were determined.
Procedures
The testing was performed on a Biodex System 3 Pro isokinetic dynamometer (Biodex Medical Systems, Shirley, NY). The subjects were instructed to stand facing the dynamometer head. The athletes were secured with a strap originating from the stationary platform on the uninvolved side and extending around the waist above the iliac crest ( Figure 1 ). The dynamometer head was aligned in parallel with the coronal plane of the body, with the axis of rotation of the dynamometer aligned with the center of rotation of the hip ( Figure 2 ). The test limb was secured to the dynamometer head with a custom-made hip attachment with the strap extending from the moving arm positioned immediately superior to the knee. The subjects were instructed to grasp the top of the dynamometer head for support and to minimize movement of the torso (Figures 1-3) .
Before data collection, subjects were familiarized with how to perform the test and were allowed to perform 5 to 10 submaximal repetitions until they became comfortable with the testing technique and the tester confirmed appropriate technique. The athletes were then asked to perform 5 repetitions with maximum exertion at 120°/s. Previous isokinetic assessments of hip strength have been executed at various speeds, ranging from 30°/s to 210°/s in the side-lying position. 14, 16, [20] [21] [22] After pilot testing, we selected 120°/s as a speed that could be comfortably executed in the standing position while remaining more functional than previous hip-abductiontesting methods. These speeds approximate actual hipabduction/adduction velocities quantified kinematically during high-risk cutting tasks. 27 The initial test leg was alternated between subjects to control for a side-learning effect. After each successful test session, the peak torque was recorded for maximum hip abduction from the 5 repetitions. Trials were not accepted if the subject exhibited excessive trunk motion, which may have affected the results. Excessive trunk motion was established in the testing protocol as any motion of the trunk that visually appeared to assist in the development of hip abduction movement. This occurred very infrequently; however, when it did occur, the subject was given approximately 30 to 60 seconds to rest and then was retested. Peak hip-abduction torques were recorded and analyzed by a single investigator. Intrarater reliability (ICC 3,1 ) for the presented hip-abduction test methods demonstrated good to excellent reliability on the left (ICC = .857; CI .577, .971) and right (ICC = .916; CI .727, .984) sides. 28, 29 
Statistical Analyses
Statistical means and standard deviations for each variable were calculated for each group. All peak torques were normalized to body mass. A mixed-effects regression analysis was used to test the hypothesis regarding the effect of age and gender on normalized hip peak torque. The mixed-effects regression allowed for both a continuous time (age) variable and a dichotomous gender variable. In addition, a key feature of the mixedeffects regression is the appropriate treatment of missing repeated measurements (uneven number of repeated torque measures between subjects). 30 Statistical analyses were performed with SAS-PROC MIXED (SAS Institute Inc, Carey, NC).
Results
For both the dominant and nondominant sides, there were significant increases in hip-abduction torque normalized to body mass with increasing age (P < .001) in all subjects. There was also a significant interaction of gender and age (P < .001), indicating that males experienced significantly greater increases in peak torque than females as they aged (Figure 4 ). Regression equations were generated to estimate normative strength to body weight measures in each age group for both males and females (Table 1 ). This test demonstrated high reliability on both the left (r = .857) and right (r = .916) sides. 
Discussion
The purpose of this study was to evaluate the effects of gender and age on hip-abduction strength as assessed in a functional standing position. Recent investigations that have indicated that there may be a potential association of hip-abduction measures to dynamic valgus alignments that increase ACL injury risk and underline the importance of hip-abduction strength. 6, 8, 9, 11 Associations of strength deficits to mechanism of ACL injury have typically focused on quadriceps and hamstrings strength, although the association of hip strength to ACL injury risk has not been extensively studied. 19 Studies specifically evaluating hip-abduction strength have not reported age differences for adolescents in either healthy or patient populations. 16, [20] [21] [22] However, those studies have historically employed isometric measurements with handheld dynamometers or isokinetic measures in the side-lying position.
The findings of this study support the first hypothesis and demonstrate that females create lower peak hipabduction torques relative to their body mass than males. Previous studies of strength and power deficits in female athletes also implicated these measures as potential risk factors for ACL injury. 23, 24, 31 Several authors suggested that by improving hip strength and core stability, lower extremity alignment could be improved, such that ACL injury risk would be reduced. 9, 11, 13 The measured deficits in hip strength could potentially contribute to the increased ACL injury risk in female athletes relative to their male counterparts.
The second hypothesis, that males would show increased relative hip-abduction torque with age, while females would not, was partially supported. As males aged, they demonstrated increased isokinetic hip-abduction torque. However, while females did show an increase, it was not of the same magnitude as that of males. The absence of a similar increase in relative hip-abduction torque in females has not previously been reported in the literature, although other measures of lower extremity strength have shown evidence of this lack of neuromuscular spurt with maturation. 25 Previous studies reported that females may have certain neuromuscular imbalances in their lower extremities, such as quadriceps dominance, ligament dominance, or side-to-side dominance. 3, 32, 33 This may lead to their inability to prevent their knee joints from collapsing into a dynamic valgus position. 4, 25, 34 Strength and conditioning coaches may prescribe hip-abductor-strengthening exercises to aid in the reduction of this frontal-plane instability of the knee. 9, 13 This study indicates the need for further exploration of the relationship between hip abductors and their role in controlling the varus-valgus movement of the knee. 11 This is especially important when related to the relationship between increased dynamic valgus and ACL injury risk. 6 Future research is warranted to investigate the potential relationship between kinematic variables of dynamic lower extremity valgus and isokinetic measures of torque for both hip-abduction musculature and quadriceps and hamstring strength, to determine if strength in the hip and knee region correlates to the ability to control harmful movement in both the sagittal and coronal planes. A longitudinal study, following the subjects as they matured, would help further clarify how the peak torques related to age. In addition, an EMG study could be helpful in comparing strength versus recruitment. In addition, outcome studies that investigate the effectiveness of a training regimen with specialized exercises focused on hip-abduction strength as a means of improving coronal-plane hip strength and, in turn, lower extremity alignment deficits should be conducted. These studies could ultimately demonstrate a decreased risk of lower extremity injury. The current reported findings have limitations that restrict the interpretation of the results. Although the standing position during hip-abduction-torque assessment is a more functional position than other investigations of hip-abduction strength, it represents an open-chain torque assessment. Often dynamic valgus alignment and ACL injury occur during a closed-chain stance, which may limit the relationship of current measures to valgus alignment and subsequent injury risk. 2, 3, 35, 36 With regard to testing velocity, a close approximation was used to mimic the speed quantified during high-risk cutting tasks. Testing at multiple speeds could provide additional, valuable data about the gender difference in hip-abduction torques. In addition, all the athletes assessed in this study were soccer players. Therefore, the generalizability of these results to other populations at high risk for ACL injury, specifically, basketball or volleyball players, may be limited. In addition, ACL injury in female athletes likely has a multifactorial etiology, with several potential elements that determine injury mechanism. In specific, increased knee-abduction motion and torque, 6 increased kneejoint laxity, 37 and reduced relative hamstring strength 26 have a reported relationship to increased ACL injury risk in female athletes. These prior epidemiologic data demonstrate that biomechanical factors may contribute in isolation or combination with other factors, such as anatomical, hormonal, and potentially psychological parameters, to increase relative ACL injury rates in female athletes. Multivariate analysis that incorporates the proposed hip-abduction strength measurement may provide more robust prediction of ACL injury risk.
Conclusions
This longitudinal study demonstrates that hip-abduction strength relative to body mass increases in males as they age. In contrast, hip-abduction strength does not increase with the same magnitude in females across the same age groups. These findings may indicate that strength and conditioning protocols that include hip-abduction strengthening should be implemented for young females beginning at age 12 to 13, when the divergence between females and males occurs. This can be accomplished through a variety of methods including dynamic-balance exercises, as well as resistance-training exercises specifically aimed at strengthening the muscles primarily responsible for hip abduction. While targeted training may not eradicate gender deficits in hip-abduction strength, initial evidence indicates that neuromuscular training results in increased hip-abduction strength, which could be potentially valuable for reducing injuries associated with this deficit. 29 Based on the current literature, there are indicators of a link between hip-abduction strength and knee injuries; however, we acknowledge that the determination of hip-abduction strength's direct relationship to injury risk within the population has yet to be established. As this study did not examine ACL injury rates in this sample or correlate hip-abduction strength to such, future research is needed to determine the direct relationship of hip-abduction strength measures to ACL injury incidence in female athletes. In addition, further investigation is warranted to evaluate different normalization procedures (height, limb length, maturational status) to determine if the current normative hip-abduction values are robust in more generalized populations.
